Abstract -This paper presents analyzed results of a permanent magnet motor by using complex E&S modeling. The calculated results are compared with ones of the conventional E&S modeling for verification. Combinations of the numbers of slot and poles are investigated to tend total iron loss. The results demonstrate that the complex E&S modeling is very useful in design under consideration of rotational magnetic field and magnetic anisotropy.
I. INTRODUCTION In order to develop high-efficiency electrical machines, it is necessary to consider accurate magnetic properties in the structural designing. Recently measuring techniques of vector magnetic properties have been developed and their achievements have drawn much attention. Fig. 1 shows the relationship between vector B and vector H. The vector magnetic property enables us to know the rotational iron loss distributions and magnetic anisotropic properties in the relationship between the flux density vector B and the field strength vector H [1] .
The vector magnetic properties accurately represent the magnetic properties of various kinds of electrical steel sheets. We proposed the E&S modeling to consider the vector magnetic properties in magnetic field analyses. However, the E&S modeling is very time-consuming. To solve this problem, we proposed a complex E&S modeling with assumption that both flux density and field strength waveforms are sinusoidal. The computation time of the complex E&S modeling becomes 1/10 in comparison with one of the conventional one [1] .
We have carried out magnetic characteristic analysis of a surface permanent magnet motor, by combining the finite element method and the complex E&S modeling, to develop high-efficiency machines. In this paper, the knowledge obtained in the numerical simulations is reported.
II. TWO-DIMENTIONAL MAGNETIC PROPERTY
It is well known that the magnetic flux density vector B and the magnetic field intensity vector H are not parallel usually in the magnetic materials. However this property has been neglected in technical designing so far because of difficulty in magnetic measurements. The Epstein method and the SST testing are well known standard measurement method of the one-dimensional magnetic properties. In these measurements, it is required that B and H are parallel to each other. The measurement methods are the IEC international standard for commercial use, thus the measurement accuracy is not so important. Practically, phase difference between B and H exists and it varies depending on the direction of B. In a word, nonliterary exists in not only magnitude of B but also direction of B. The property considering the magnitude and direction of B and H is called the two-dimensional vector magnetic property and the vector relationship between B and H can be expressed accurately [2] , [3] . Fig. 2 shows the two-dimensional vector magnetic property measurement apparatus. The components of the magnetic flux density, B x and B y are measured with cross-type search coils wound through 0.2mm holes in diameter. The components of the magnetic field strength, H x and H y are measured with the double H-coil [4] . Fig. 3 shows the alternating magnetic flux condition and the rotating magnetic flux condition, respectively. The vector magnetic properties are defined by the maximum magnetic flux density B max , the inclination angle ș B , and the axis ratio Į. The precise circular rotating flux means that Į equals one, and the alternating flux condition means that Į equals zero. 
III. COMPLEX TYPE E&S MODELING

A. Conventional E&S Modeling
The conventional E&S modeling is expressed as follows (1) where , xr yr Q Q , the magnetic reluctivity coefficients,
the magnetic hysteresis coefficients.
B. Complex E&S Modeling
If the magnetic flux density and field strength waveforms are together sinusoidal, the time derivative can be replaced by the complex number, jȦ. As a result, the complex E&S modeling can be expressed as follows (2) where , xr yr Q Q , the effective magnetic reluctivity coefficients, Substituting equation (3) into equation (2), the effective magnetic reluctivity and hysteresis coefficients are defined [1] (4)
C. Governing Equation
The governing equation under consideration of the complex E&S modeling can be expressed by (5) where z A , the complex magnetic vector potential, 0 z J , the complex exciting current density in z-direction.
D. Finite Element Equation
The finite element equation for equation (5) can be given by (6) where x and y, the coordinates of node, ǻ, the area of linear triangular elements. The subscripts, ie, je, ke, the node numbers at corner points of a triangular element. 
E. Iron Loss Calculation
The iron loss P t [W/kg] of each finite elements i can be calculated directly with the following equation, without the loss data base or the approximated function based on measured data: (7) where ȡ is the core material density, and T is the period of the exciting waveform. The iron loss P ti is corresponding to total area of the hysteresis loops of x-direction and y-direction. Therefore, the total iron loss P total [W] is given by (11) where D P is the thickness of the electrical steel sheet, N os the number of laminations of the sheet, and N es the number of finite element. The specimen was assumed to be silicon steel sheet (50A470, D P = 0.5 mm, ȡҏ = 7700 kg/m 3 ).
F. Applicable Range
The magnetic flux density and the magnetic field strength waveforms are together sinusoidal by using complex E&S modeling. Therefore, it sets the applicable range. Fig. 5 shows the difference of iron loss. Setting the applicable range was used the ring core model as shown in Fig. 6 . The applicable range was assumed that the mean value of iron loss difference was up to 20 % when the exciting current and the maximum magnetic flux density were equal to 0.3 A and 0.55 T, respectively. Fig. 7 shows the flow chart of this analysis. Because the components of the reluctivity coefficients have nonlinearly, iterative calculation is necessary. We can carry out the nonliner magnetic field analysis considering both alternating and rotating hysteresis with this modeling. As a result, we can obtain directly iron loss distributions in the stator core with the measured data base. Table I shows the conditions used in the analysis. The numbers of slots in the stator and rotor core were 6, 12, 18 and 4, respectively. The exciting current and frequency were 0 A (No-load) and 50 Hz. The magnetization of magnet was 0.1 T. V. RESULTS AND DISCUSSIONS Fig. 9 shows the distribution of the magnetic flux lines. The distributions of complex E&S modeling well accorded with that of conventional E&S modeling. Fig. 10 and Fig. 11 show the distributions of maximum magnetic flux density and the maximum magnetic field strength, respectively. The teeth of 0 deg and 90 deg -direction was differentiate. Fig. 12 shows the distributions of the iron loss. It indicated a similar tendency to Fig. 10 and Fig. 11 , because the iron loss was calculated as the area enclosed by the magnetic flux density and the magnetic field strength. Fig. 13 shows the axis distributions. The distributions of complex E&S modeling well accorded with that of conventional E&S modeling. Fig. 14 to Fig. 16 shows the hysteresis loop of X -direction and Ydirection, respectively. The hysteresis loop of X -direction was differentiated to the teeth of 0 deg -direction and that of Y -direction was differentiated to the teeth of nearly 90 degdirection. Therefore, it was considered that the difference reason was the property data at alternating condition when inclination angle ș B was 0 deg and 90 deg. Fig. 17 shows the total iron loss at no -load. The tendency increased of complex E&S modeling well accorded with that of conventional E&S modeling. [T] 
G. Flow chart
VI. CONCLUSIONS
This paper presents analyzed results of a permanent magnet motor by using complex E&S modeling. The calculated results are compared with ones of the conventional E&S modeling for verification. Combinations of the numbers of slot and poles are investigated to tend the distributions and the total iron loss.
The hysteresis loop of X -direction was differentiated to the teeth of 0 deg -direction and that of Y -direction was differentiated to the teeth of nearly 90 deg -direction. Therefore, it was considered that the difference reason was the property data at alternating condition when inclination angle ș B was 0 deg and 90 deg. However, the tendency increased of the total iron loss of complex E&S modeling well accorded with that of conventional E&S modeling.
Future tasks are the improvements of the material data. Complex E&S modeling Conventional E&S modeling
